Background: The phosphatidylinositol-3-kinase delta (PI3Kd) inhibitor idelalisib has been shown to block downstream intracellular signaling, reduce the production of prosurvival chemokines and induce apoptosis in classical Hodgkin lymphoma (HL) cell lines. It has also been shown to inhibit regulatory T cells and myeloid-derived suppressor cells in other tumor models. We hypothesized that inhibiting PI3Kd would have both direct and indirect antitumor effects by directly targeting the malignant cells as well as modulating the inflammatory microenvironment. We tested this hypothesis in a phase II study.
Introduction
The phosphatidylinositide 3-kinase/protein kinase B/mammalian target of rapamycin (PI3K/AKT/mTOR) pathway is essential for cell cycle regulation and constitutively activated in Hodgkin lymphoma (HL). Although treatment of advanced-stage HL has improved, $10%-30% of patients will not achieve complete response (CR) [1] , and 20%-30% of responding patients subsequently relapse after treatment [2, 3] .
Relapsed or refractory HL remains a therapeutic challenge. The standard treatment of relapsed HL is salvage therapy and autologous stem cell transplant (ASCT) for eligible patients [4] followed by brentuximab vedotin (BV) for maintenance or subsequent relapse [5, 6] . Other chemotherapy regimens such as gemcitabine, vinorelbine, and doxorubicin (GVD) are often effective for patients in whom transplant failed [7] .
Patients with HL who fail ASCT and BV may respond to programmed cell death 1 (PD1) blockade [8, 9] . Drugs that block the cytotoxic T lymphocyte-associated antigen 4, PD1, and its ligand (PDL1) inhibit immune checkpoints and drive tumor-specific T cells away from a regulatory T cell (Treg) phenotype toward an effector phenotype [8] [9] [10] [11] [12] [13] . In general, these approaches are palliative and novel targets and therapies are needed.
Idelalisib is a selective inhibitor of phosphatidylinositol-3-kinase delta (PI3Kd) that inhibits HL growth and survival [14, 15] . Idelalisib may also bias T cell differentiation away from a Treg and toward a T effector phenotype via blockade of PI3K signaling [16] . Based on the above preclinical data, the current study evaluated the efficacy and safety of idelalisib in relapsed and refractory HL.
Patients and methods

Study design and treatments
This was a phase II, open-label, single-arm, two-stage trial at three US centers evaluating idelalisib monotherapy in patients with relapsed or refractory HL (ClinicalTrials.gov # NCT01393106). The study tested the alternative hypothesis that the overall response rate (ORR) was !45% against the null hypothesis that the ORR was 20% using Simon's minimax two-stage design with >80% power and a significance level of 0.05 [17] with a planned sample size of 21 patients. Stage 1 required a response in 3 of the first 13 patients. The hypothesis could be rejected if responses occurred in !8 of 21 patients. The final analysis was carried out when all patients had been on study for at least 24 weeks.
Idelalisib was administered orally at a starting dose of 150 mg two times daily until tumor progression or unacceptable toxicity. The dose was increased to 300 mg two times daily for patients with disease progression after 8 weeks of therapy.
All study protocols were approved by the institutional review board and conducted in accordance with the Declaration of Helsinki and the International Conference on Harmonization guidelines for Good Clinical Practice. All patients provided written consent before participation in the study.
Patient eligibility
Eligible patients met all of the following inclusion criteria to participate in the study: relapsed or refractory HL after previous myeloablative therapy with ASCT or after !2 prior chemotherapy-containing regimens; !12 years of age; fluorodeoxyglucose (FDG)-avid adenopathy; and a Karnofsky performance score of !60 (Eastern Cooperative Oncology Group performance score of 0-2).
Study objectives and assessments
The primary objective was to estimate the ORR in this HL patient population using standard criteria [18] . The FDG-positron-emission tomography occurred at eight weeks to confirm CR; otherwise, computed tomography was used.
Secondary endpoints were time to response (TTR), duration of response (DOR), progression-free survival (PFS), percent change from baseline in sum of the product of the greatest perpendicular diameters (SPD) of target lymph nodes and overall survival (OS). Adverse events (AEs) were graded using the Common Terminology Criteria for Adverse Events (CTCAE), version 4.03. The study also characterized changes in patient-reported health-related quality of life (HRQL) using the Functional Assessment of Cancer Therapy-Lymphoma (FACT-Lym).
Statistical analysis
The intent-to-treat (ITT) analysis set included all 25 patients who received at least one dose of idelalisib and was used in the primary analysis of ORR, PFS, SPD, OS, safety, drug administration, and compliance. The perprotocol (PP) analysis set included 24 patients and was used for secondary analysis of ORR, PFS, and SPD. The responding analysis set included those patients who achieved a best response of CR or partial response (PR) and was used in the analysis of TTR and DOR. The ORR was calculated as proportion of patients with a CR or PR, and a corresponding two-sided 95% exact binomial confidence interval (CI) was constructed.
The exact binomial test was used in the final analysis because the accrual could not be limited to exactly 21 patients and nonresponding patients could be included in the final analysis as responding if they experienced a late response. Kaplan-Meier (KM) methods were calculated for PFS and OS following idelalisib monotherapy and 95% CIs were calculated using the Greenwood's formula with (complementary) loglog transformation.
Results
Patients
From September 2011 to August 2014, 25 patients with relapsed or refractory classical HL were enrolled, received study drug and were included in the ITT population. The majority of patients were female (56%) and white (76%); median age was 42 years (Table 1) . Patients had received a median of five prior therapies (range 2-9); 23 patients (92%) had received BV, 24 (96%) had received adriamycin, bleomycin, vinblastine, and dacarbazine (ABVD), 18 (72%) had undergone ASCT, and 11 (44%) had received prior radiation therapy. Exposure to idelalisib ranged from 0.5 to 25.2 months, with a median of 3.6 months. Five patients had at least one dose reduction; two patients received a dose reduction to 75 mg two times daily. Five patients received idelalisib at 300 mg two times daily at the time of disease progression. Reasons for permanent discontinuation of study drug included progressive disease in 20 patients (80%), AEs in three patients (12%), lack of response in one patient (4%) and voluntary withdrawal by one patient (4%) (supplementary Figure S1 , available at Annals of Oncology online). The majority of patients (64%) discontinued study drug before week 16.
Efficacy evaluation
The ORR for all 25 patients was 20% (95% CI: 6.8%, 40.7%). One patient (4%) had CR and four (16%) experienced PR. Seven patients (28%) experienced stable disease, 12 (48%) experienced progressive disease and 1 patient (4%) was classified as not evaluable (Table 2 ). For the 24-patient PP analysis set, the ORR was similar (20.8%; 95% CI: 7.1%, 42.2%). Four PRs were seen in the 23 patients who received prior BV. Of the response-evaluable patients, 17 (68%) experienced reduction in target lesions (Figure 1 ). Escalation to 300 mg two times daily following disease progression did not result in any responses. The responses were not significantly different depending on the classical HL pathologic subtype (Table 2 ). However, we have observed a significant difference in response depending on the ECOG performance status (Table 2) .
Median TTR was 2.0 months (range from 1.9 to 16.8 months). Median DOR was 8.4 months (95% CI: 1.8, not estimable). Median PFS was 2.3 months (95% CI: 1.8, 3.7; Figure 2 ). The median OS was 19.8 months (95% CI: 12.3, not estimable; Figure 3 ).
Safety evaluation
Twenty-four patients (96%) reported at least one AE (Table 3) . Eight patients (32%) had fatigue; seven (28%) had pyrexia; and six (24%) each had increased levels of aspartate aminotransferase (AST), constipation, and vomiting. AEs of interest were rash (grades 1-3), observed in three patients (12%), diarrhea/colitis (grade 1 or 2) in three patients (12%), and pneumonitis (grade 2) reported in one patient (4%). Serious AEs (SAEs) were reported for nine patients (36%) and six (24%) experienced SAEs related to idelalisib (Table 3) .
Fifteen deaths (60%) occurred during the study or long-term follow-up. One death occurred on study; this patient was receiving palliative chemotherapy at the time of death, 24 days after discontinuing idelalisib. The other 14 deaths occurred during long-term follow-up (>30 days following last dose of study drug) including disease progression (7), unknown causes (6), and respiratory insufficiency with renal failure after stem cell transplant (1) .
Alanine aminotransferase (ALT; 5 patients) or AST (4 patients) !grade 3 elevations were observed in five patients but were generally transient and asymptomatic. Four of these patients (80%) resolved to grade 1 or less; and one patient had increased ALT/AST levels at the last study visit. Three of these patients temporarily interrupted idelalisib therapy, one patient received a dose reduction and one received his last dose of idelalisib the day before the grade 3 AST/ALT elevation.
The most commonly reported !grade 3 hematologic laboratory abnormalities were lymphopenia (12), neutropenia (2), anemia (1), thrombocytopenia (1), and leukopenia (1). Immunophenotyping showed that five patients (20%) had ! grade 3 decrease in CD4þ lymphocytes. The range of FACT-Lym scores did not change significantly over the course of the study.
Discussion
In this trial, idelalisib treatment had a modest response in patients with multiply-relapsed HL, demonstrating the first evidence of clinical activity for this class of drugs in this malignancy. Overall response rates were comparable to other single-agent studies with gemcitabine, lenalidomide, rituximab, or panobinostat (ORRs 19%-27%), although in those studies, most patients had not previously received BV [19] . At the time of enrollment in this study, most patients had recurrent disease following BV and high-dose therapy with ASCT, and despite these high-risk features, the ORR with idelalisib monotherapy was 20%, with most responses occurring early. Furthermore, nearly 70% achieved at least some disease control. Rates of AEs observed were comparable to those seen using idelalisib in heavily pretreated indolent non-HL patients in which 7% developed pneumonia, 4% developed colitis, and 8.8% (11 patients) died within 30 days of receiving idelalisib [20] .
Though options for patients with relapsed HL have increased since the design of this trial, only a minority will be cured with BV [21] . More recently, PDL1 and PDL2 alterations have been identified as hallmarks of classical HL, and the use of anti-PD1 therapy is currently approved for direct modulation of the immune evasion that also plays a major role in most of HL cases [22] . However, even with the use of nivolumab or pembrolizumab, most responses have been partial [8, 23] . Preclinical solid tumor models showed inactivation of PI3Kd-promoted antitumor immunity by inhibiting regulatory T cells and The red line represents a % change of À50% and is a criterion for lymphadenopathy response [20] . a One patient was non-evaluable.
myeloid-derived suppressor cells [24] . Other studies suggest that PI3Kd inhibition can reduce anti-inflammatory cytokines, such as IL-10, and PDL1 expression on tumor cells [25, 26] . Based on these data, one could hypothesize that the addition of idelalisib to anti-PD1 therapy has the potential to increase clinical efficacy of immune checkpoint inhibition in HL. However, with a risk for autoimmune and inflammatory AEs with each of these single agents, this approach needs to be evaluated in careful prospective trials.
In summary, this is the first study to demonstrate the efficacy of PI3Kd inhibition by idelalisib in patients with multiple-relapsed HL. The therapy was well tolerated and the ORR was comparable to other single agents used for patients with multiple lines of prior treatment. Deriving meaningful benefit from PI3Kd inhibitors such as idelalisib in HL may be aided by combination therapy, possibly with immunotherapeutic agents such as checkpoint inhibitors in carefully designed clinical trials. Figure 2. Kaplan-Meier curve for progression-free survival (PFS). Progression-free survival was defined as the time from the start of idelalisib treatment to the date of documented disease progression or death due to any cause, whichever came first. The KM estimate of median PFS was 2.3 months. The KM estimate of the proportion of patients with PFS at six months was 28.9%. Figure 3 . Kaplan-Meier curve for overall survival (OS). Overall survival was defined as the time from study day one until the date of death due to any cause, including data from longterm follow-up. The KM estimate of median OS was 19.8 months. The KM estimate of the proportion of surviving patients at six months was 88%. This figure depicts the KM curve for OS for the intent-to-treat analysis set, including long-term follow-up data.
